Beam Characteristics 4.1 Dose Rate
The first step of neutron beam dosimetry should be absorbed-dose measurements at a reference point at a recommended depth in a water phantom using an homogeneous gas and wall ionization chamber system. For discussion of the selection of the reference point see ICRU Report 24 (ICRU, 1976) . For neutron beams, by analogy with photon beams with accelerating potentials from 1to10 MV, this point should be located at a depth of 5 cm from the front of the phantom surface along the central axis of the beam. Measurements should be made of the absorbed dose at the reference point for all field sizes to be used in clinical practice. These measurements should be related to the beam monitor readings.
It is often convenient to have an easily reproducible method for comparing absorbed dose per monitor unit from day to day within a facility and for intercomparisons of absorbed dose between facilities. Measurements of tissue kerma "in air" have been extensively used for this purpose in the past for lower energy beams. The use of a secondary type of phantom consisting of a cube of acrylic plastic has been found to be an effective tool for day to day checking of higher energy machines (Awschalom, 1977; Graves, 1977) . The phantom, with provision for insertion of an ionization chamber at a suitable depth, should be placed in the beam such that the ionization chamber is located at the isocenter or other suitable reference point. A 10-cm X 10-cm field size at this distance should be used to irradiate the phantom. This output check measurement, in a more convenient solid secondary phantom, can be related to the absorbed dose at a depth in a primary liquid phantom.
The space required to conveniently accommodate monitoring chambers, wedge filters, collimators, beam shaping devices, and positioning of the patient, necessitates a distance of the order of 1.25 m between the neutron source and the patient. Neutron treatments require an absorbed dose per fraction of about 1.0 Gy at the specification point in the target volume. If the upper time limit of patient tolerance of the immobility required for precision therapy is accepted to be of the order of ten minutes, 0.1 Gy per minute is the lower limit of acceptable target absorbed-dose rate. (See ICRU Report 29, ICRU, 1978b , for definition of the target volume for photons and electrons. The same definition is to be used for neutrons.) If wedge filters or tissue compensators are to be employed, a minimum target absorbed-dose rate of twice that value at the normal treatment distance before insertion of the filters would be preferable.
The absorbed-dose rates expected from a neutron 40 generator depend basically on the reaction employed (particle and target), the energy of the incident particles, the beam current, and the thickness of the target relative to the range of the particles in the target material. A secondary factor is the presence of beam modifying absorbers or filters. Tertiary effects include the nature of the target backing and the design of the collimator systems. (For the effects of the collimators see, e.g., Attix et al., 1977.) Reactions used to produce clinically useful beams of fast neutrons may be classified under fusion reactions and stripping and inelastic interactions and have been discussed in Section 2.2. In this Section, emphasis is placed on the output of clinically useful reactions.
d + T Neutron Beams
Absorbed-dose rate is easily related to total neutron production rate via the data for kerma to tissue for a neutron fluence of known energy. For neutrons of 14-Me V energy, an absorbed-dose rate of0.2 Gy per minute at 1.25 m from the target requires a neutron production rate of about 101a s-1.
Systems presently employed to exploit the d + T reaction may be divided into three categories: a. Sealed tubes in which a mixed beam of deuterium and tritium ions are accelerated onto an absorbent metal, e.g., titanium or a rare earth element. b. Continuously pumped assemblies in which a deuterium ion beam is incident on a rotating metal hydride-coated target with heat-conducting backing. c. An assembly in which a deuterium ion beam is incident on a tritium gas target. The low energy of the bombarding ions precludes the use of foils to separate the target and the accelerator. The tritium gas is kept separated from the deuteron acceleration column by differential pumping. Heat generation in the target is often the limiting operational factor of the systems and engineering the removal of heat from the target is important in overall performance and longevity of the neutron source. It has been shown (Kim, 1977) that, for a given target configuration and for particle accelerator energies greater than 0.2 MeV, the neutron output from the d + T reaction is proportional to the electrical power dissipated on the target. Generators may be conveniently compared, therefore, in terms of the rate of neutron production per unit power on the target. Sealed mixed beam generators for a given total energy on target give yields that are % to 1/a of that achievable with beams of one single type of ions impinging on a target. This is because of the probabilities of d + D and t + T collisions occurring as well as d + T collisions in the mixed beam generator.
Gas targets provide yields per unit power that are eight times as high as that provided by solid hydride targets (Kelsey, 1975) and are easier to cool. However, the low density of the gas associated with the differential isolation pumping system results in an extended target. The effects of this extension may be minimized by viewing from the end. For reported outputs of types a, b, and c, see Table 4 .1.
d + D Neutron Beams
The reaction is typically accomplished using deuterons from a low-energy cyclotron incident on a pressurized deuterium gas target through a cobalt alloy HA-4. 1 Dose Rate ••• 41 V AR 4 window. For a thick target, the calculated tissue kerma rate increases as the 3.28 power of the bombarding energy from 11. 7 Gy c-1 at 6.8 Me V to 58.3 Gy c-1 at 11.1 MeV at 1.26 m from the target entrance window (Waterman et al., 1978) . A least squares fit to the measured data corrected to 1.25 musing the inverse-square-law, yields an empirical relationship of the form: from a thick deuterium gas target subjected to that charge and Ed is the deuteron energy. These data are in good agreement with those obtained from 21-MeV deuterons incident on a thin target (Weaver et al., 1979b) if the output of such a target is considered as the difference in output between that of the incident and emerging particles from the thin target on a "thick" target (the difference method, Lone et al., 1981) .
Deuterium gas targets require an extended source for incident deuteron particles much in excess of 20 Me V. A liquid D20 target (Parnell et al., 1971; Batra et al., 1972) , or a solid deuteride target, e.g., lithium deuteride (Miola et al., 1981; Barjon et al., 1985) have been explored as an alternative to a gas target at higher energies. The output variation with energy of incident particle and the penetrating power of the resulting beam do not match that produced by a pure deuterium target, presumably due to the competing reactions of the bombarding deuterons with oxygen or lithium atoms in the target.
d + Be Neutron Beams
Experimental values for the absorbed dose to tissue in free space at a fixed distance from the target, at 0° from the beam line, Di, as measured with a TE ionization chamber, have been reported by Parnell et al., 1972; August et al., 1973; and Howell and Barschall, 1976 . These reports and surveys showed that the relationship between Dt and the charge Q deposited on a thick beryllium target by deuterons of energy Ed could be expressed in the form:
where A and B are fitting parameters. The yield of "thin" targets can be reasonably determined by the difference method (Lone et al., 1981) . The earlier surveys yielded disparate results in the constants A and B (Parnell et al., 1972; August et al., 1973) . Some of these differences may have been due to variations in geometry, target backing, cooling arrangements, etc., but Smathers et al. (1976b) showed that a major source of discrepancies in the earlier reports may have been due to lack of secondary electron suppression on the beryllium target. When this was corrected, Smathers et al. obtained good agreement between the fitting constant to their own data on their cyclotron and data generated with secondary electron suppression by Howell and Barschall (1976) at lower energies on the Berkeley cyclotron covering the range from 11 to 50 MeV. See Figure 4 .1 for the reported values of the dose rate at 1.25 m from a thick target for values of Ed up to 80 Me V, where secondary electron suppression is known to have been applied. Meulders et al. (1975a, b) reported the neutron yields and spectra from targets Ki, at () = 0°, 1.25 m from the target, using the neutron spectral distributions for energies above 0.4 Me V and the kerma factors of ICRU Report 26 (ICRU, 1977) .
The corresponding values of tissue kerma are shown in Figure 4 .1. They may be fitted by an empirical expression:
The ionization chamber measured data on the relationship between the deuteron energy and the resulting absorbed dose to tissue, Di. may be fitted by an expression of the same form but with slightly different constants:
The higher values of Lone et al. (1981) compared to the ionization chamber measurements might be due to the high neutron yield in the lower energy region reported for their beam that was included in these kerma calculations.
p +Be Neutron Beams
The neutron-producing interactions between kinetic protons and beryllium targets and the resulting neutron spectra are discussed in Section 2. The neutron yield at 0° to the incident proton beam has been measured and reported by Amols et al. (1977 ), Waterman et al. (1979a , Graves et al. (1979) , Lone et al. (1981), and Ullman et al. (1981) . As the low energy cut-off in spectral measurements is a function of the technique and instrumentation employed, it is desirable to compare data with similar cut-off energy levels when studying the relation between neutron yield and incident proton energy. For instance, Lone et al. (1981) state that for thick targets, the fluence-averaged neutron energy, Em and the yield of neutrons per unit solid angle with energies above 2 Me V emitted at 0° from the p + Be reaction, no=o, may be estimated from the empirical expressions: (1981) and the absorbed dose measured in air under the conditions described in ICRU Report 24 (ICRU, 1976) by Quam et al. (1978) , Waterman et al. (1979a) and Bewley et al. (1980) . These data for dose to tissue at 1.25 m from "thick" targets are presented in Figure  4 .2. The variation with generating proton energy, Ep, of the calculated tissue kerma, Ki. at 8 = 0°, 1.25 m from the target and the measured tissue dose at that distance, D 1 , may be represented by the empirical ex· pressions:
The penetrating power of neutron beams generated by the p + Be interactions may be increased by (a) filtering the beams with hydrogenous materials to red~ce the spectral component with energies below abou~ 2 t.,
.><: MeV, (b) using "thin" Be targets so that the lowenergy terminal track of the protons is dissipated in a material with low-resulting neutron yield. Both methods are employed in practice. For neutrons generated by protons in the 30 to 7 5 Me V energy range, the use of a 6-cm polyethylene absorber has an equivalent effect on the penetration of the beam as that produced by increasing the value of Ep by 15 Me V (Bewley et al., 1980; Johnsen, 1978) . However, this also reduces the beam intensity to approximately 50% of the unfiltered value (Rosenberg et al., 1981) . A similar increase in beam penetration is obtained by reducing the target thickness so that only about 40% of the proton energy is dissipated in the beryllium target, the rest being deposited in the backing material and the cooling water. This results in a reduction of the output to about 75% of that obtained from a "thick" target (Smathers et al., 1982; Bewley et al., 1984) . Thick hydrogenous absorbers result in higher levels of activation of the target area. Thinner targets permit higher proton beam currents within the same power density limitations, but too thin a target will result in too many neutrons from the backing material and limit the improvement obtained. A medium thick target in combination with a carbon backing and a 2-cm thick polyethylene filter has been developed as an optimum choice for the p(65) + Be(34) beam in Louvain-la-Neuve (Vynckier et al., 1983) . Rosenberg et al. (1981) have suggested a graphical method of optimizing the target thickness-hydrogenous filter combination.
Field Size
The field size can be stated adequately only from measurements of the absorbed-dose distribution in the reference phantom. For fixed SSD, the field size is usually defined by the intersection of the 50% isodose surface with a plane normal to the radiation beam axis at a depth corresponding to the maximum absorbed dose, Dmax. The field size so defined will generally be a few millimeters larger than that defined by the intersection of the 50% dose decrement lines at the phantom surface. As a practical matter, for scaling of the collimator jaw settings, it is assumed that Dmax occurs at a constant depth independent of field size.
If the facility is to be used in the isocentric mode, the field size is usually defined as the intersection of the 50% dose decrement lines in the phantom with a plane normal to the radiation beam axis at the isocenter.
Absorbed Dose Build-up
Ionization measurements performed at air-TE phantom interfaces, using thin-walled extrapolation ionization chambers, give information on the absorbed dose build-up. These measurements show that for d(16) +Be neutrons the build-up is similar to that for a I37Cs gamma-ray beam, Dmax occurring at 200 mg cm-2 of TE material; d(30) + Be build-up compares with that of a 6°C o gamma-ray beam. The absorbed dose build-up ford+ Be sources is similar to that for p + Be sources (Grant et al., 1978) . See also Table 4 .2 and Figure 4 .3.
The shape of the build-up curve will depend on the beam energy, target thickness, the presence of hydrogenous filters, and proximity of the collimation system to the irradiation surface. The effects of beam energy and target thickness on neutron spectra have been discussed in Section 2. The hydrogenous filters affect the presence of lower energy components of the spectrum and the proximity of the collimator to the skin affects the probability of secondary charged particles from the collimator reaching the skin. Both low-energy neutrons and secondary charged particles increase the energy deposition at the surface relative to that at the depth of Dmax; hence, the use of spectrum-modifying hydrogenous absorbers in the beam to reduce the fluence of low-energy neutrons, and recommendations for closing the exit collimator by a lead foil to eliminate secondary charged particles. A transparent material, such as cesium glass, may be substituted for the lead foil where a light localizer is used (August et al., 1980; Smathers et al., 1980a) . Grant et al., 1978 and Brahme et al., 1983) .
The absorbed dose in the superficial planes of an irradiated tissue, less than the depth of Dmax• is due to low-energy protons and heavy ions having short ranges and high LET in that tissue. Such short range, high LET particles will exhibit a higher RBE than the higher-energy low-LET protons that deliver the major part of the absorbed dose at and beyond Dmax (Bhatia and Nagarajan, 1979) .
Central Axis Depth-Dose Curve
At depth in a phantom, there is a fluence of primary and scattered neutrons and photons. The photons always form part of the primary incident beam. They are produced in the target and by interactions of the neutrons with shielding and collimators. Photons are also generated at depth within the phantom from neutron capture interactions with the phantom material.
The distribution of absorbed dose is usually measured in the reference phantom material using a tissue-equivalent ionization chamber and reported in terms of the total absorbed dose. The component of absorbed dose due to photon interactions is usually derived from additional measurements with a neutron insensitive device such as a Geiger-Muller dosimeter. Typical values for the gamma-ray absorbed dose as a percentage of local, total-absorbed dose along the radiation beam axis of the beam in the phantom are 5%, 8%, and 12% at 2, 10, and 20-cm depth, respectively (see Table 4 . 3 and Figs. 4.4 and 4.5) . For the highenergy proton beams these percentages are smaller.
A density and inverse-square-law correction have sometimes been used to convert absorbed-dose measurements in a medium of one density into the ab-sorbed-dose distribution in a medium of different density. However, this correction does not account for changes in the total mass of material irradiated by beams of the same cross section in media of different density, nor for differences in atomic composition and, therefore, of neutron interactions. Careful measurement shows that this cannot be ignored. It has been shown (see Section 3.1.5) that for high as well as for low energy neutron beams, scaling factors can be derived which permit a conversion of depth-dose measurements from one medium to another. These scaling factors are, for most tissue-equivalent materials, independent of the field size and depth in the medium. Their use yields depth-dose data in different media that are in good agreement with experimental lasurements.
Depth-dose tables should clearly report the qu tity whose distribution is represented and the nature of the phantom used in the measurement. Corresponding depth-dose curves for neutron and photon radiation are of clinical interest if treatment techniques used in photon therapy are going to be applied for neutron treatment. For example, d(30) + Be neutron(beams approximate absorbed-dose distributions from\a 6 0Co gamma-ray beam, p(50) + Be neutron beams with 5cm polyethylene filtration approximate 6 MV x-ray beam absorbed-dose distributions (Bewley et, al., 1980; Brahme et al., 1983) . The depth in wa~r at which the total (n + 'Y) absorbed dose is reduced to half its maximum value, Z 50 , is summarized in Table  4 .4 for fast neutron therapy sources.
Most cyclotron-generated neutron beams operate at an SSD in excess of 1. nell, 1975; Meulders et al., 1975a) . For higher energy reduced to half its maximum value.
beams, whether d + Be or p + Be, the preferential b Distance off-axis between 80 and 20% of the central axis total forward neutron generation makes beam flattening (n + 'Y) absorbed dose at a depth of 10 cm in the phantom.
desirable and the increase in neutron yield per unit charge in the particle beam allows the development of specifications of beam flatness not only in air but at depth in a phantom (see Figure 4 .6). Field flatness may be defined as the quotient of maximum to minimum total absorbed dose in a plane normal to the beam axis at the reference depth in a phantom within a specified area in the radiation field. This specified flatness has been defined for photons by reference to straight lines joining points on the major and diagonal axes of rectangular fields as shown in Figure 4 .7. The flatness condition should be met for all gantry angles and beam limiting device angles. The defining points are specified by the distances dm and dd given in Table 4 .5. The maximum value of the ratio of the maximum total absorbed dose (averaged over 1 cm 2 anywhere in the radiation field) to the minimum total absorbed dose (averaged over 1 cm 2 anywhere in the flattened area) should be less than the values stated by the manufacturer for their equipment, e.g., values listed in Table 4 .5 as a function of the field dimension. They should be valid for gantry angles of 0° and and dd are the distances, according to Table 4 .5, from the points defining the flattened area to the edges of the radiation field measured along the major axes (index m) or the diagonal axes (index d) of the radiation field.
90° and collimator angle 0°. Similar considerations should be applied to the clinical neutron beams. Dmax is defined as the maximum absorbed dose on the radiation beam axis (see Figure 4 . 6, Otte et al., 1976) . Beam flattening at depth, e.g., at 10 cm, may result in undesirably high absorbed doses at the periphery of the radiation field in the lesser depths. Therefore, the maximum absorbed dose anywhere in the field should also be known.
Penumbra
For a given target absorbed dose, the presence of a large penumbra changes the total energy absorbed by the patient in a major way and leads to an increased absorbed dose to critical organs in the penumbra. Therefore, the penumbra associated with a therapy beam is of concern.
The penumbra in air is a function of source size and of the nature, geometry, and transmission of the collimator system. Additionally, the penumbra within a phantom includes the effects of the collision processes between the neutrons and the phantom material. Therefore, it is not entirely controllable by collimator and source area design (Bloch, 1976; Smathers et al., 1976a) Lateral distance I cm Fig. 4.9 . Lateral dose profiles of a d + T source, given as total absorbed dose, for three shielding materials and two source geometries, measured at 10-cm depth in a phantom for a 10 cm X 10-cm field at the stated SSD. The lateral distance is measured from the central axis pf the field. a = 55-cm SSD with 50-cm iron-polyethylene collimator; O = 80-cm SSD with 60-cm tungsten-polyethylene collimator; x = 125-cf SSD with 75-cm Benelex collimator; A = cobalt-60 gamma-ray beam at 80-cm SSD (adapted from Smathers et al., 1976a) . Fig. 4.10 . Photograph of the multi-leaf collimator during assembly showing the lower end of the collimator leaves and the collimation surfaces which are all aligned with the proton target symbolized by the+. Each of the 40 leaves has its own motor drive and position readout (Brahme et al., 1983) . ·
The technical problems of heat dissipation in light metal targets for cyclotron-produced neutrons and of erosion and target degeneration in d + T generators require the use of relatively large target areas. Low outputs from some generators require as short a source-to-skin distance as possible while insertion of beam blocks requires space between the end of the collimator and the patient. This results in a need for as short a collimator design as will provide an acceptable level of attenuation. Fig. 4.11 . The 50% isodose curve of a complex field shape produced with the multi-leaf collimator. This field may be useful for treating the supraclavicular lymph nodes and mediastinum with a blocking of the vocal cords. The curve was recorded directly in the water phantom using a silicon diode as detector. The edges of the individual collimator leaves are clearly seen (Brahme et al., 1983) .
Large area sources with relatively short collimators, i.e., collimators that do not absorb neutrons to a high degree, and significant collimator-to-skin distances, result in a large penumbra. The geometrical factors controlling the width of the penumbra usually cannot be appreciably overcome. The collimator should be, however, of good design using an optimal construction such as the combination of iron with hydrogenous materials (see ICRU Report 26, ICRU 1977; Smathers et al., 1976a; and Figures 4.8 and 4.9) .
A continuously variable multi-leaf collimator has been described which allows flexibility in field shaping without the need to introduce field-shaping blocks (see Brahme et al., 1983) . The collimator consists of forty wedge-shaped leaves that are independently Fig. 4 .12. A neck field consisting of two halves with a central blocking for the spinal cord. As the collimator set up is computerized, the two fields can be given one after the other without having to enter the treatment room (Brahme et al., 1983) . moved under computer control with their collimating surfaces always aligned with the effective radiation source to minimize the penumbra. The leaf collimator reduces the need for handling of heavy insert collimator and beam blocks at the same time that it allows dynamic conformation therapy with neutrons. Thus, it opens up new possibilities in the treatment of complex irregular target volumes (see Figures 4.10, 4.11, and 4.12) .
The off-axis distance between the 80 and 20% absorbed-dose contours, measured under fixed conditions of field size and depth, may be used as an index of penumbra width experienced in practice. A summary 4. 6 Penumbra .•. 51 of the penumbra! characteristics offast neutron therapy sources and those of typical photon therapy sources is shown in Table 4 .4.
The photon absorbed-dose fraction increases with depth in a phantom and with field size. The photon fraction of the total absorbed dose at the edge of the beam is slightly higher than that on the central axis and increases rapidly in the shielded region, mainly due to thermal neutron capture, where it reaches 30-40% of the total dose (see Smathers et al., 1976 and Figure 4.4) . This should be taken into account if the relative absorbed dose to organs at risk, i.e., outside the target area, is considered.
